THIS REPORT MAS BEEN DELIMITED
AND CLEAR:D FOR PUBLIC RELEASE
UNCER DOD DIRECTIVE 5200,20 AND
NO RESTRICTIONS ARE IMPOSED UPON
ITS USE AND DISCLOSURE,

DISTRIBUTION STATEMENT A

APPROVED FOR PUBLIC RELRASE;
DISTRIBUTION UNLIMITED,



PR PR O Yo

3 . e "II" I 1
rmed Servicys Technical Information fly:
Because of our limited 5: pply, you are requested to return this copy WHEN IT HAS SRV - |

YOUR PURPOSE 3¢ t2:t : may be made available to other requesters. Your cuopersticer
will be appreciated.

IOTICE: WHEN QOVE:NM NT OR OTHER DRAWINGS, SPRCIFICATION!: OR OTHER DAY: « ‘iq
(KL USED FOR ANY PURP. 3E OTHER THAN IN CONNECTION WITH A DEFINITELY REL /. '
JOVERNMENT PROCUNEM NT OPERATION, THE U. 8. GOVERNMENT THEREEY J:ilUR:] 'ls‘
10 RESPONSIBILITY, 1iOR ‘NY OBLIGATION WHATSOEVER; AND THE FACT TFA. [8&E
WERNMENT MAY BAVE ‘ORMULATED, FURNISHED, OR IN ANY WAY SUPPL.FL HE ¢
t.3i, URsWINOS &~ F]2 1 TIONS, OR OTHER DATA IS NOT TO BE REC:ARDED BY :
MELLA T OR UYL v, § M ANY MANNER LICENSING THE HOIDER OR ANY OT; . |
PRRSOK O CiiiGRATI0F , Cie CONVEYING ANY RIGHTS OR PERMISSION ‘FO MAXUCACT
JBE OR SELL ANY PAYEN.':D INVENTION THAT MAY IN ANY WAY BE RELATED "HERY ;
—_ — - ¥

Reproduced by
DOCIXENT SERVICE CENTER '
KK2T! BUILDING, DAYTON, 2, ONI0

RS Wt e wpe

L. ST LY e o I



THIS DOCUMENT IS BEST
QUALITY AVAILABLE. THE COPY
FURNISHED TO DTIC CONTAINED
A SIGNIFICANT NUMBER OF
PAGES WHICH DO NOT
REPRODUCE LEGIBLY.



/.'

R

AD No. 2 7 4%

ASTIA FiLe copy

— o

“\ CALIFORNIA INSTITUTE OF TECHNOLOGY

Hydrodynamics and Mechanical Engineering Laboratories

TIP CLEARANCE FLOWS

IN AXIAL FLOW COMPRESSORS
AND PUMPS

ky

Dean A. Rains

REPORT NO. %
JUNE, 1554

Under Navy Contracts N6-ori-102 Task Order IV and Nord 9612

0NN NN NN N N DN NN NN




TIP CLEARANCE FLOWS IN e

P

AXIAl: FLOW COMPRESSORS AND PUMPS - o

Under Navy Contracts N6-ori-102 Task Order IV

and Norsd 9612

Prepared by:

Dﬂ%'e%_érﬁ'ﬁ&__

Approved by:

B BT
—5- ‘;lnie AaNaAQ
Associate Professor of

Mechanical Engineering

x. g . gcouta

Senior Research Engineer,
Hydrodynamics Laboratory

Hydrodynamics and Mechanical Engineering
Laboratories

California Institute of Technology
Pasadena, California
June 1954




T T WS

FESTTTEL R N e

ACKNOWLEDGMENTS

The author wishes to acknowledge the helpful guidance of
Drs. W, D. Rannie and A, J. Acosta while conducting this research.
A Daniel and Florence Guggenheim Foundation Fellowship in Jet

Ision afforded financial assistancz to the author.

The efforts and cooperation of Messre, T. W, Fuller,
J. R. Kingan, E, F, Daly, G, M, Hotz and many others made the
construction of the axial flow pump facility possible,

Miss Zora Lindberg, Mr. J. C. Ribbons, Mr, F, T. Linton

and Miss Mildred Olson put the report in its final form.




iii

TABLE OF CONTENTS

Acknowledgments

Abstract

Table of Contents

Summary

I. Introduction

I1I. Equipment and Experimental Techniques

A,
B,
C.
D.
E,
F.

Introduction

Pump and Pump Circuit

Instrumentation

Blade Construction
Flow Visualization

Blading Design

II. Flow Within the Tip Clearance and Lossecs

A,
B.

C.

A W ek e svey STme

Introduction
Preliminary Discusasion of the Tip Clearance Flow Model

Modifications to the Perfect Fluid Model Due to Real
Fluid Effects in a Turbomachine

Two Dimensional Potential Flow in a Clearance Space

The Calculation of the Laminar Flow in the Clearance
Space for a Stationary Blade

The Calculation of the Tip Clearance Velocity for a
Stationary Blad= with Both Inertia and Friction Forces
Included

The Effect of Elade Rotation on the Tip Ciearance Flow

The Calculation of the Tip Clearance Velocity with
Rotational Effects Included

VAR Y ey et T S eragiy st aave gy coee s elgwmss o

11
14
17

17

20

21

26

31

32

36




A ——

iv

I. Tip Clearance Flow Losses
IV, Flow Outside the Tip Clearance

A, Introduction

B. Observations of Tip Vortex Cavitation in Axial Flow
Pumps

C. Discussion of the Cavitation Experiments

D. Observations on the Formation of a Vortex Due to a
Thin Jet Entering a Stream

E. The Formation of the Vortex Sheet Due to a Jot Entering
a Siream and Its Roll Up Into a Vortex

F. Formation of the Vortex Sheet Near a Blade Tip with Its
Subsequent Rolling Up

G. The Estimation of the Inception of Cavitation
Refere::ces
Appendix A - Notation
= Re
Appendix B - Calculation of K i‘ P and Angles of Attack

Figures

39
46

46

46

50

52

53

56
61

66 .

68
72

73

e el

) e



SUMMARY

The influence of the clearance between the rotor blade tips and
the duct wall on efficiency of compressors has been the subject of several
investigations in the past, The results, as given in scattered reports of
experiments, have indicated that appreciable gains in efficiency could be
made by reducing tip clearances below currently accepted values, In
spite of such experimental evidence, the importance of tip clearance
loss2s does rot seem to have been sufficiently emphasized. The principal
red - ... for this is that experiments have been confined to overall efficiency
measurements on compressors and the tip clearance flows themselves
have not been studied. The lack of knowledge of the mechanism by which
the clearances introduced losses raised some doubts concerning the valid-
ity of interpretation of the overall efficiency measurements,

Several more or less elaborate theoretical investigations of tip
clearance flows have been made in the past based on the lifting line con-
cept of a wing with a gap. Induced drag has been determined from theze
theories and attempis made to interpret these in terms of tip clearance
losses. That these attempts have not been successful in explaining the

experimental efficiency measurements is not surprising, because of the

obvious inadequacy of the model. The clearance dimeneion in practice is
a few percent of the chord, or even a few percent of blade thickness at l
most, 8o it is very unlikely that a lifting line assumption could apr: ;.

Some very crude methode of estimating losses from tip clearance flow

have been based on the assumption that a leakage flow, resulting from the




pressure difference over the rotor, occurs in an annulus of hzight equal
to the clearance height, This model, which would be reasonable if the
number of blades were infinite, is probably more realistic than the
lifting line theories even for a finite number of blades,

The purpose of this investigation was to find out the nature of
the tip clearance flow and to devise an appropriate model so clearance
losses could be calculated in a rational manner, Since direct measure-
ments of the flow field in the region of the clearances were almost im-
possible, an essential first step was to make the stream lines visible so
the general character of tip clearance flow could be determined. Air is
not a very satisfactory medium for observations of this kind because very
small particles introduced into the air stream diffuse too rapidly in tur-
bulent flow for good visibility, Hence a pump with blading similar to a
compressor was used and observations made with water as a mediwun by
introducing droplets of colored oil of a specific gravity of unity into the
flow, The drops need not be as small as the particle size required to
follow closely the stream lines in air. A further advantage of water as
a medium is that the system pressure can be lowered to cause-cavitation,
If vortices occur in the flow, cavitation occurs in the regions of low pres-
sure in the vortex cores and makes them clearly visible, This latter
effect was found very useful, Several auxiliary experiments were made
in water tunnels and flumes in order to isolate certain effects that were
difficult to ohserve in the pumpn.

The most important result of the investigation is a simple perfect

fluid model of tip clearance flow from which estimations of losses can be
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madec easily, The essential character of the model is best imagined as
a wing with a narrow slot where the plane of symme 'y through the slot
represents the wall at the end of a blade, Because of the pressure differ-
ence over the wing, a narrow jet issues from the slot at the suction sur-
face., The nressure in the jet is the same as the pressure in the fluid
ouiside the jet, so the magnitude of the velocity at any point in the jet
must be the same as the local velocity outside the jet, a result of the
application of Bernoulli's equation, However the chordwise component
of the velocity in the jet is the same as the velocity on the pressure sur-
face of the wing, since the fluid in the jet caine from that region and
hence is less than the velocity outside the jet, The component of velocity
normal to the chord in the jet is a result of conversion of the pressure
difference over the wing iato kinetic energy.

The velocity in the jet is inclined at an angle to the free stream
direction and the sides of the jet consist of vortex sheets in which the
vortex lines must be in the direction of the vector mean of the velocities
inside and outside tl.c jet, Since the vortex sheets are close together and
the vortex lines are inclined at an angle from the chord line, the induced
velocity from a pair of vortex lines in the sheets can have a local effect
only. The induced velocities must die out rapidly in both chordwise and
spanwise directions. Hence the problem of determining flow distribution
is considerably simpler than for the somewhat analogous problem of
vorticity shed from the cdge of a wing of low aspect ratio where the

infinence of the shed vorticity is not so localized,
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Observations show that the shed vortex cheet rolls up rapidly
into a tight vortex along its leadiny eage. However, the influence of this
rolling up is probably quite localized also and does not affect the distri-
bution of clearance flow. A simple cxlculation of the strength of the
vortex sheet from the model shows that the entire circulation about the
wing appeara in the vortex sheet and the distribution is the same in
proportion as the chordwise distribution for the wing. Hence there is
no vorticity shed from the wing trailing edge in this mcdel: the Kutta
condition has been satisfied at the edges of the slot rather than at the
wing trailing edge,

Viscous effects complicate the actual flow as compared with
this model, but their influence on the more important aspects of the flow
is surprisingly small, The frictional resistance to flow through the tip
clearance was found to be amall for the dimensions that are ordinarily
mechanically feasiole. The rolling up of the vortex sheet is more rapid
and of somewhat different character when there is no relative motion
between the blade and the wall as compared with the case of relative
motion as in a turbomachine. This indicates that viscous forces have a
strong effect on the rolling up process. Further complications arise in
the turbomachine from the scraping of the rotor tip through the wall
boundary layer. This seems to produce an additional pressure on the
under surface of the blade which appreciably increases the tip clearance
flow rate,

The perfect fiuid model by itself does not give any losses in the

sense of dissipation of energy. lHowever, a plausible assumption is that
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ix
the kinetic energy of the velocity component in the clearance normal to
the chord and hence to the free atream flow cannot be recovered, The
observation that the vortex sheet rolls up is evidence that this kinetic
energy quickly appears in a type of motion where dissination must cccur
rapidly. On this basis, losses for various values of tip clearance were
calculated and compared with the results of vverall efficiency measure-
ments in the pump and with other measurements in a compressor where
the klade design had been given in sufficient deteil, The results of the
comparison were very gatisfactory; hence the principal purpose of the
investigation was accomplished.

Some refinements of the idealized model were made to account
for the influence of the viscous resistance on the clearance flow rate and
to account for the increased pressure on the iower surface ~ the blade
resulting from the impact of the wall boundary layer. In addition a
calculation of the limiting case of extremely small tip clearance, where
viscous 2ffects are predominant, is given,

The rolling up of the tip vortex sheet does no: appear to change
the magnitude of the losses, and hence its rate of rolling up is not par-
ticularly significant in the overall flow characteristics of a compresasor,
In the pump, however, it was shown that cavitation occurs first in the
rolled up tip vortex before cavitation can he observed on the blade sur-
face, This early cavitation away from l;xrfaces does not in itself affect
performance and is unlikely to cause damage, However the predicticn of
the vortex cavitation and its alleviation is of some interest, An attempt

was made to develop a theory for the rate of rolling up of the vortex
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sheet and to estimate its strength so incipient cavitation could be pre -
dicted. Unfortunately the irnfluence of real fluid effects cannot be taken
into account in a simple manner; hence the theory is not as complete or

as satisfactory as desired.

P —




‘T

i

el-
I. INTRODUCTION

As turbomachinery has developed in the past twenty years,
designers have continued their efforts to build more dependable highly
efficient light weight machines with a wide range of stable operation,
More and more information on elasticity, vibration dynamics, metal-
lurgy, heat transfer, and fluild mechanics has been required to pursue
this development., Considerable success has been achieved in work
toward these goals, but in particular the high efficiency of modern
machines has been realized without a complete understauding of the
loss mechanisms in the various componeats of the machine, High effi-
ciency of each component is especially important in a gas turbine, since
the over -all performance of the engine is very dependent on the good
performance of each component. This statement is born out by Figure
1 which shows the change of thermodynamic cy~le efficiency with changes
in turbine and compressor performance “). ‘I'ne compressor is so
important because it uses roughly two-thirds of tke turbine output. A
gas turbine in this respect is quite different from a steam turbine plant
where the power required for the boiler-feed pumps is an insignificant
portion of the turbine output. This is one of the primary reasons that
steam turbines were developed long before gas frbines.

A great deal of effort has been expended in the last eight yeurs
to understand the factos that determine compressor performance, The
state of ignorance is exprcssed in a recent summary by Chung~-Hua Wu in

Reference 2 and is well summarized in Figure 2 taken from Reference 3.
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At the design point the losses are broken down approxiriately as 2.2
percent due to annulus loss, 4.4 percent due to "secondary' loss, and
4.2 percent due to profile losses. The annulus and blade profile losses
can be explained by their similarity to pipe flow loss and single airfuil
implication is that it is caused by flow other than the primary flow through
the machine, These secondary flows may be classifi=d as follows:

(1) The cross flows in the boundary layers on the blades and

annulus due to the turning of the flaw,

(2) The cross flows in the boundary layers due to the rotaticn

of the machine,

(3) Leakage flows through the tip clearances and the clearance

space around shroud rings.

Research in the first two types of secondary flow has not yet
accounted for the losscs to be explained (4). Various mechanisms have
been suggested by which these types of secondary motion may be respon-~
sible for the losses (5). but at the present time the status of this phase
of secondary flow research is inconclusive, The following is an attempt
to gain a better understanding of the third type of secondary flow. Tip
clearances will be studied particularly to evaluate them as a source of
loss with the hope that another portion of the losses may | e properly
accounted for,

In the study of tip clearance flows information of specialized

interest on the inception of cavitation in ; urps is presented, For this

investigation, however, the cavitation pheno.aena serve only as a means

of studying tip clearance flows,
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II. EQUIPMENT AND EXPERIMENTAL TECHNIQUES

A. Introduction

Most of the experimental research applicable to turbomachinery
is done in machines with air as the working fluid, The use of air in the
study of turbomachinery seems natural since they generally utilize an
air cycle, Air is especially useful if the compressibility effects asso-
ciated with high speed operation are important in the problems under
study., There are advantages, however, in having slow speed air machines
to do detailed experimental work without the excessive ncise and stress
problems that come with high rotative speeds. Some of the inherent ad-
vantages of air machines are that air is readily available, the sealing
problems are few, and usually an expensive closed circuit is not required,
The blading for such machines is still expensive, for rotor tin speeds of
the order of 200 ft, /sec. or more are required to give desirable Reynolds
numbers of the order of 100, 000 based on mean axial velocity and blade
chord. The cost of investigating various blade designs is very high under
these conditions,

There are a number of advantages of having a water machine
avai_able for research work, the most apparent of which is that under
atmospheric conditions the kinematic viscosity of air is thirteen times
larger than water {5 ). Thus for the same Reynolds number a water ma-
chine may be designed fr.r greatly reduced speeds, size, power consump-
tion, and blade stresses as compared to an air machine, With the low
strength requirements a‘ the reduced rotational speed, a research

machine can use lead-alloy blades. The cost of these bladea may be

e e — -
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reduced to such a level that numerous chsnges in the stage blade design
are not prohibited,

In order to obtain the magnitude of the savings possible by using
a water machine instead of an air machine, scaling ratios will be con-
sidered for retention of the Reynolds number based on the blade chcrd
and mean axial velocity as a fixed parameter, For complete geometric

scaling the rotative speed ( u° ) and machine diameter ( D ) are reiated

> Dy Yow _ U
Do Uea Va (1)
The power requirement (P ) is scaled by
B _ L Mo Yow @)
R o Vi U

Thus by the choice of one of the three available ratios the other two are

determined by (1) and (2). The results for a choice of unity for each ratic

are shown in the table below,

00, Yy, R/e

1.00 0.08 0.39
0.08 1.00 5.00
0.39 0,20 1,00

The primary difficulty of scaling down a machine: completely is that the
blades become so small that it is difficult to make them and still retain
the original thickness distribution. One method of alleviating this
construction problem is to decrease the number of blades while k 'eping
the solidity (the blade chord to spacing ratio) constant, The aspect ratio
of the blades is changed with this scaling procedure, so new relations

must be written
Da. Lu D4 Na
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and

B _ b ve N2 ou,

= (4)
P fa VI NI U

Another arbitrary ratio has been introduced in the scaling pro-

portionality relations which permits an even wider choice of designs,
In the table helow the ratios are computed for the same given ratios as

in the previous table except that %ﬁ = 0,50,
: Qa

Dyba Yok R/AR

1.00 0,04 0. 05
0,04 1.00 1.25
0.05 0.80 1.00

During 1952 an axial flow pump test facility was constructed in
the Hydrodynamics Laboratory tc utilize these advantages and others that

will be discussed in the section on flow visualization techniques (II-E).

B. Pump and Pump Circuit

A machine was desired for internal flow studies, performance
investigations, and cavitation ~xperiments. These requirements led to
the design of a vertically mounted test unit installed in a simple closed
hydraulic circuit using water as the working fluid, The rotor is exter-
nally driven by a D, C, dynamometer which provides the only power for
flow circulation,

The circuit itself (ece Figures 3 and 4) consists of the test
pump which discharges into a vaned elbow and thence into a diffuser
section. Another vaned ¢lbow directs the flow downward through a
second diffuser and hence intc a 'lattice' type throttling device. The

circuit is closed through two more vaned elbows and a 6:1 contraction

P
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nozzle, The circuit is fabricated from 1/4 inch galvanized plate,

The test unit and dynamometer are mounted separately on rigid
steel bases grouted to 2 concrete wall,

An advantage of having a closed circuit is that the system pres-
sure level may be readily controlled, Auxiliary pressurizing and evacua-
ting circuits are provided so that the a.nbient pressure in the unit can be
arbitrarily fixed betweesn 25 psi and 26 inches of Hg vacuum,

The test unit is approximately forty inches long, fourteen inch
inside diameter, and can accommodate up to three stages of blading,

The general design features arc shown in Figure 5, The pump unit is
vertically mounted and split longitudinally in halves. One half of the
pump case is bolted and doweled to the mounting plate, while the other
half is removable by a roll-away jig-assembly which is permanently
attached to the structure, The same jig may be uscd for the removal

of the rotor assembly. The removable case-half contains a lucite view-
ing window which runs the full length of the rotor and extends circum-
ferentially over two blade passages., Flow surveying ports arec also
incorporaied in the removable case-hall behind each of the four station-
ary blade row positions, as well as a single surveying hole behind each
of the rotor blade row positions. Static pressure taps are located in the
fixed casing-half beiween each blade row.

The stationary blades, i.e,, the entrance, stator, and exit
blades, are attached to two-inch wide circular segments which are
fastened into grooves machined in the case, There are eighteen station-

ary blades per row and sixtecn rotor blades per row, The rotor blades
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are attached by means of segments in the same manner as the stator
blades,

A survey plate is provided immediately downstream of the con-
traction nozzle so that the flow distribution entering tke test unit can be
determined.

Both the rotor and the casc are cast of red brass., All of the
shafting is stainless steel, The drive shaft is hollow to permit communi-
cation with the rotor while the machine is rotating. The advantage of
this feature will be described in the section on flow visualization (II-E).

The test unit may be disassembled and the rotor removed in
about three man-hours. However, access to the rotor blades is possible
in less time by removing the window,

The dynamometer used to drive the pump is mounted vertically
about three feet above the first elbow. Space is thus available for attach-
ing equipment that must rotate with the machine, such as a manometer to
measure pressures in ¢ rotating reference frame,

The motcr is rated at 30 hp at 1750 rpm on 230 volt D.C. The
power is supplied by ~ 30 KW thyratron rectifier unit. A differential
gear box is used to :stablish the rotative speed in unit rpm increments
above about 100 rpm  With this controller speed regulation is maintained
on the average to within ore part in ten thousand,

A torque arm and pan weight system is used tc measure the torque
reaction. An electrical displacement pickup gives the location of the arr
between stops 0,004 inches apart., The signal from the pickup is used as

a null indicator, so that the arm ies returned to its original bulance position

& i T D o s s et -
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for each reading. The sensitivity of the torque measuring equipment is

about 0,25 inch-pounds.

C. Iastrumentation

The measurements of torque and speed have already been des-
cribzd, The other overall flow quantities which must be determined are
flow rate, head increase across the pump, and the system pressure,
The pressure drop across the contraction nozzle upstream of the pump
provides a convenient measure for the determination of the system flow
rate. The nozzle was calibrated from velocity surveys taken at ite exit,
In order to determine the head rise, total head rakes, each with nine
probes, are set flush and faired into the leading edges of each of the
three legs of the downstream bearing support. The pressure differences
between these probes and a total head probe in the center of the nozzle
exit survey plate are read on a multi-tube manometer bank, A water-
mercury manometer is used to measure the pressure level in the circuit.

More detailed flow measurements can be made through the
surveying ports in the casing. Each of the poris, or slots, behind the
stationary blade rows extends circumferentially over approximately two
blade passages, To avoid tie sealing problems of a more elaborate
traversing device, the probes are located through a plug which permits
no smaller than 2° increments in circumferential surveys. A special
probe holder was built to position all of the probes radially within 0, 01
inch and circumferentially within 0, 25° respectfully, The probe holder,

probe, and plug assembly are s4iown in Figure 6 ready for installation in
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the machine, The probe holder can also be mounted in the surveying
station behind each of the rctor blade rows. An assortment of various
typus of probing instrumeants has been made, a few of which ars shown
in Figure 7, From left to right they are: a static pressure probe, a
claw-type directional probe, a boundary layer total head probe, and a
Kiel-type total head probe, Calibration of the direction and static pres-
surc probes was checked from time to time in the air jet discharge of a
large contraction nczzle,

The measurement of the pressures from these various probes
was made with a Statham liquid differential pressure gage of total range
1 psi and a Baldwin-Southwar) strain gage bridge. The gage was cali-
brated frequently with an air-water manometer, With the use of this
transducer, pressures can be measured to 1/1000 of the full scale
reading. A Statham gage is ideal for use with the claw probe since no
flow is required for a null reading. Flow angles can be measurcd to
within 2 0,25° by this technique,

In order to determine the rotor blade tip clearances as installed
in the machine, four holes are provided in the case at each rotor row

position for depth micrometer measurements.

D. Blade Constructicn

As it has been pointed out, the use of water as the working fluid
allows the rotative speecds to be in the 200-300 rpm range and still have
Reynolds numbers of 80, 000 to 120,000, At these lnw speeds the centri-

fugzl stresses in the bladee are negligible, and the hydrodynamic bending

i s
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stresses are less than 500 psi. bStrength, therefore, is practically ruled

~,

oui as a problem in selecting the material for blade manufacture, 7o
ininimize the costs of manufacturing the blades were 1o be cast in the
Hydrcdynamics Laboratory, so low melting point alloys 1300° - 400°F)
were desirable, The low melting point elirninated the need of any special
furnace and handling equipment., 'Cerro-base'" and "Cerro-cast", lead-
bismuth alloys, were chosen since they met the minimum streagth re-
quirements and were commercially available, The lead was selecced
instead of a plastic because of its superior dimensional stability and
casting ease,

The blades were caat centrifugally in two-piece reusable plaster
molds. The blades were cast onto the brass holding segment in order to
simplify the attachment problems. The mold halves were formed on an
accurately machined brass master blade, One master blade was pro-
vided for each of the four types of blades in the machine, i.e,, pre-ro-
tation vanes, rotor, stator, and rear straightening vanes, The master
blades were made by first spotting coordinate points on a brass block
with a milling machine and completed by hand finishing to these points.
The casting procedure consisted of heating the mold and then forcing the
molten metal centrifugally into the mold by using the arrangement shown
in Figure 8, After fabrication a few bls::., were selected at random for
inspection, It was found that the chords were within 0,2 percent of their
design values, and the stagger angles at the tip were within 0, 1° of the

design angle,

The outside diameter c.f the rotor blades and the inside diameter
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of the stationary blades were trimmed by machining a complete blade row
in a jig to give the desired runuing tip clearances. More details of tke
blade construction are given in Reference 7,

As interest in tip clearance flows developed, information on the
cavitation performance of axial flow pumps was required, The blades
that have been described are not sufficiently strong to operate at the 500
rpm required for the cavitation studies, Hence, berjyllium conper re-
plicas of the first blade set were cast commercially, All of these blades
were cast with a '"foot' that was held in the slotted segments by four
screws, The tip clearance of the rotor blades was made variable by
deepening the root slot and adding shims, thus permitting clearances

from 0,004 inches to 0,100 inches. (See Figure 9)

E. Flow Visualization

Where very complicated flows occur and difficulty in interpreta-
tion of direct measurements is anticipated, means of observing actual
stream lines is frequently of great value in pr;limmnry studies. In order
to do this, visible particles must be introduced into the flow so that they
follow the stream lines closely without changing the flow pattern appre-
ciably. Such particles must bc very small if their density is different
frem that of the fluid so irertia effects are suppressed, or if the particles
are large, their density must be the same as that of the fluid and they
should be introduced in:o the fluid with velocities close to that of the fluid
at the point of introduction, In laminar flow, very small particles are

probably more satisfac.ory (8), but in turbulent flow the concentration of
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particles dies out very quickly downstrezm of the point where they are
introduced. Since it is the concentration of small particles that is visible
rather than the irdividual particles, the use of small particles is not sat-
isfactory in turbule=: flow, Larger particles, however, can be followed
individually in turbulent flow as far downstream as one wishes. The tur-
bulent diffusion of large particles will of course be the same &s for small
particles, Since individual large particles are followed, the statistical
distribution of the paths of many will give the required information on
mean stream. lines,

It is clear that large particles of solid or liquid cannot be used
with air because of their inertia effects, so observations on air flow must
be confined to low Reynolds numbers. However, water serves as an ideal
transporting medium for immiscible colored oil tracers. The oil droplets
remain of appreciable size due to the influence of surface tension and can
be observed easily, so that flows with Reynolds nuinbers of the order of
100,000 or more may be examined. The tracer fluid that was found most
successful for this work was a combination of di-butyl phthalate and
kerosene mixed to give neutral buoyancy. Of course, the lucite window
which extends the full length of the test installation was essential for this
work,

The use of the flow visualization technique made possible the
study of some of the three-dimensional flows in the machine, and hence
served as the foundation of this investigation, It is difficult to get quanti-
tative information on flow quantities by visualization techniques, but the

flow geometry can be recorded for study and analysis,
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To illustrate the technique, two examples of its use in the mach-

ine will be described in some detail. ‘

Ordinarily in a curved channel the end wall boundary layer flow u
overturns and travels up along the convex side vi the bend (9). If the end i
wall is moving with respect to the channel “-alls, as is the situation at the ]
rotor blade tips of an axial flow machine, will the flow still overturn? s
The visualization method will be used to aaswer this question, 1

A small brass injector tube was attached to the rotor of the pump.
This injector was connected with tubing by way of the hollow shaft to a
vessel rotating on the shaft of the machine. From this vessel dyed oil
was forced under pressure into the flow., The volume flow rate was ad-
justed so that the jet of oil entered the flow ut approximately the same
velocity as the surroundiny flow, The flow could then be obuerved through
the window by using a stroboscopic light synchronized with the shaft rota-
tion, The photographs shown in Figures 10, 11, and 13 were taken with
a four by five inch view camera with lighting supplied by single flash
lamps synchronized with the machine's rotation,

A comparison of the flow angles in the two photographs of Figure
10 shows that the flow is underturned near the outside case, In this figure
and in Figure 11, 8 is the thickness of the outside wall boundary layer,
and v is the distance of the injection point from the wall, The conclusion
is that the retarding drag on the flow by the case wall actually cancels out
the overturning cross {iow and turns the flow toward the blade surface
leading i1 the rotation, Part of this "scraping" flow eventually impinges

on the pressure side of the blade with a weak vortex being formed as a
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consequence (8). Some quantitative information can be obtained by mea-
suring the flow angles in the photograpls,

The flow visualization technique described in the previous para-
graphs was aiso used io study the secondary flows near ti.c rotating hu
The importance of boundary layer cross flows has often bec.. discussed
and measured with directional probes, but this photographic technique
serves as another method to judge their importance, Figure 11 showe
that the strong cross flows are limited to the bottom fifteen percent of
the boundary layer, It is interecting to note the fluid moving up along the
blade surface in the hottom photograph ( v/a = 0,08),

There are many other methods of applying the visualization
method, A probe may be installed to study the flow in the stationary
blades. Cavitation may gerve as a visualization tool, since it occurs first
in regions of lowest piessure in the flow, for instance in free vortices,
(See Figure 29). Flow visualization experiments were also carried out in
simpler configurations representing certain aspects of the mouze compli-
cated flow in the pump. A slow speed flume of one by four foot cross
section in the Soil Conservation Laboratory was found useful in studying

modeled flow geometries with oil droplets and dyed water injection,

F. Blading Design

For the {irst studies in the pump facility the blade design was

chosen to be the same as in the compressor used for a research program
(10)

in the Mechanical Engineering Laboratory . The design point charac-
R = Mean Axial Velocity
> { 1" -
teristics of these '"free vortex' type blades are l( = Tip Soced
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Average Work Input -
Dynamic Pressure based on the Tip Speed ~ 040 Fhe

= 0.45and Y =
fifty percent reaction point is at a radius ratio of 0.70 based on the outside
radius. The ratic of the hub radius to th¥ c¢+tside ratio (the hub ratio) is
0.60,

‘The number of blades for the pump was reduced frorn that in the
compressor by the ratio 0,53 for constructional reasons after the diameter
ratio had been set at 0,39, The resulting power ratio was 0.14 and the
speed ratio was 0,10,

Since the rotor blades were of primary interest in the tip
clearance flow study, a detailed tabulation of their design will be given
here. There are sixteen rotor blades in the blade row. The blades have
a parabolic camber line and a constant chord., The details of the rotor

blade design are tabulated below as functions of the radial coordinate.

Radius
nadius E/I?o 0.60 0.70 0.80 0.90 1.00

solidity = /g  1.15 0.985 0.860 0.765  0.690

Stagger _ b o o o o
Angle * @ 15,2 32.1 43.8 51,7 57.4

Camber - 46.7° 31.0° 20.3° 13.8 °

Angle

9.8

Maximum
Thickness 0.12 0.11 0.10 0.09 0.08

Ratio
The thickness function has an elliptically shaped nose and has its
maximum tkickness 2" the thisly-five percent chord position. The thick-

ness function is tabulated below for a ten percent thick blade,
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% 1 X AL

0,000 0.0000 0.300 0. 0493
0,005 0,0085 0.350 0.0500
0.010 0.0)22 0.400 0. 0494
0,020 0.0167 0,450 0.0478
0.030 0.0208 0,500 0.0452
0.040 0,0232 0.550 0.0415
0.0597 0.0254 0.600 0,0371
0.060 0.0277 0.650 0,0322
0.070 0,0297 0.700 0.0269
0.080 0.0315 0.750 0.0211
0.090 0,0331 0.800 0.0160
0.100 0.0346 0.850 0.0114
0.150 0.0404 0.900 0,0072
0.200 0. 0446 0.950 0.0037
0,250 0.0474 1,000 0.0011

The thickness function for any other maximum thickness ratio may be
obtained by simply scaling the values of ‘l /C in the ratio of the maximum
thicknesses.

The rotor blade chord is 1,90 inches and the installed rotor blade
tip clearance is 0,007 inches,

Measurements of the overall pump performance showed that it
gave a (7 = 0.41 at the design work coefficient ( 1-}]’-- 0.40). Surveys
of the flow angles from the entrance vanes, however, confirmed that they
were accomplishing the flow turning for which they were designed. Sur-
veys of the case and hub boundury layers dowastream of the entrance
vanes showed a layer with a displacement thickness of 0,071 inch on the
case and a layer with a displacement thickness of 0,053 inch on the hub,
Since the effective cross-sectional area of the machine is reduced thus
by 4.6 percent, the mainstream portion of the blades is operating at a
proportionally higher flow rate. This at least partially accounts for the

discrepancy of eight percent between the designed and measured performance.
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1II, FLOW WITHIN THE TIP CLEARANCE AND LOSSES

A, Introduction

In Part ] an approximate breakdown of compressor losses was
considered in which the tip clearance losses were lumped with the un-
known factors of ''secondary' losses, However, experiments with fans,
blowers, compressors, and turbines have shown appreciable drops in
efficiency with increased tip clearance, If these results are extrapolated
to zero clearance, the indication is that a good part of the unexplained
losses are due to tip clearance flows,

More evidence of the importance of tip clearance flows was
found by the visual observation of incipient cavitation in an axial flow
pump (ll). The cavitation starts in the low pressure center of vortices
created by the tip clearance flows,

Many desigrers have sought to minimize the tip clearance pro-
blem by incorporating shroud ring assemblics in their machines. The
shroud ring joins all of the bla-e tips and thus eliminates the cleararces.
The ring is recessed in either the hub or case with or without labyrinth
seals so thesc is still a leakage problem., Additional problems of align-
ment, siress, and rotational drag make the value of a shroud ring at the
rotor blade tips doubtful. Many stator blade row assemblics have shroud
rings where the lack of rotation and the smaller diameter make the ring
more feasible,

The objectives of this investigation of tip clearance flows were

(1) to understand the mechanism of the clearance flows and calculate their

- —— s WTRTTI N il 0.7 Te AP2AS




"\.

-18-
magnitude, (2) to obtain a method of estimating the losses associated with
the leakage flows, (3) to study the formation of the tip vortex with the pur-
pose of finding methods to eastimate its size and strength, and (4) to use

cavitation in axial flow pumps,

B, Preliminary Discussion of the Tip Clearance Flow Model

For = perfect fluid the flow through a tip clearance must be the
same as the {low through a slotted wing with the wall represented by the
plane of symmetry through the slot. The flow through a slotted wing has
been studied with the agsumptions of the lifting line theory where the cir-
culation is shed from the trailing edge as it drops to zero at the edges of
the slot. Such a theory assumes that the width of the slot is large com-
pared with the wing chord, an assumption that certainly does not apply to
the tip clearance flow in 2 compressor where the slot width is more nearly
of the order of one percent of the blade chord. Betz (i) has calculated
the minimum induced drag and hence thc maximum efficiency of a cascade
of lifting lines with tip clearance, but of course his analysis is applicable
only to fans where the tip clearance is large and the blade aspect ratio is
high., Others have applied this or similar theories to the calculation of
induced drag in compressors, but their validity is also dubious because
of the lifting line assumption,

A much more reasonable model of the flow through a narrow sint
in a wing is one where the Kutta condition is applied along the edges of the

slot rather than at the trajling edge, Then the flow is more nearly analo-
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gous to the flow around a wing of very small aspect ratio as considered by

Pollay “3), because in bioth cases the vorticity is shed along the chord at
the wing tip. However, the slotted wing is in some ways much simpler
since the influence of the shed vorticity on the flow is confined to the
immediate region of the slot, The effect of the vortex nheets dies out
with distance more rapidly because of the nearby image in the plane of
symmetry, Schematic diagrams of the vorticity shedding for a lifting
line, a wing of low awpect rativ, and a wing with a narrow slot are given
in Figure 12,

Direct observation of the flow by the various techniques already
discussed has demonstrated that the model of the flow through a slot
where the Kutta condition is satisfied along the edges of the slot is the
best perfect fluid model of tip clearance flow,

Such a model, as described above, can be considered in various
ways. The flow in the slot between the shed vortex sheets consists of a
jet with uniform velocity across its width and in general varying velocity
along the chord, If the free stream velocity for the wing is Wao and if

H and B are the pressures on the pressure and suction sides of the
wing away from the slot, then the' velocity in the jet normal to the chord
line is simply Wt '{zjgf'ﬂl}zlince the velocity in the jet parallel to
the chord line is carried through without change for 2 wing of small thick-
ness. This velocity component Wt is of the order of Woo for th.

uenal blade loadiug in compressors since {—2(—|P—28—)} is of the order

of urity.
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C. Modifications to the Perfect Fluid Model Due to Real Fluid Effects in

a Turbomachine

A perfect flow model for the tip clearance flow problem has been
outlined in the previous section. The question immediately arises, "How
well is the flow in a machine represented by thie model ?" If th.e model
does not adequately represent the flow in the machine, it follows naturally
to ask, "What are the factors that require the model to be altered ?", and

"How can corrections to the model be made ?"

In the small clearances that are characteristic of turbomachinery,

the viscous forces must have an effect. However the small length to
height ratio of a clearance (normally from five to *wenty in a turbo-
machine) may exclude large viscous influences because the viscous forces
have only a short length on which to act, Therefore, the importance and
type of real fluid effects must be considered to obtain a correction to the
perfect fluid model.

The viscous effects are manifested in three ways in the tip flow
problem: (1) there is a registance to the flow in the clearance, {2) the
"no-slip" condition on the blade tip requires tha: fluid be pulled with the
blade as it rotates, and (3) the case wall boundary layer flow impinges on
the rotating blade (see Figure 10),

As a preliminary step in investigating the compleie tip flow pro-
blem, a flow visualization experiment was conducted in the blade tip
region., The results of the experiment are shown in Figure 13, An injec-
tor was placed at a distance of four times the tip clearance from the wall

so that the oil would flow along ‘he pressure side of the rotor blade. The
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importance of the pressure di{ference across the blade may be seen by
comparing the tip flows in the photographs for several pump flow rates.
As the pump flow rate increages the blade pressure difference decreases,
and therefore less fluid goes through the clearance. The tip flow appears
to form a thin jet that streams out into the flow, maintaining its identity
for a distance until it is rolled back by the main flow. After the jet is
turned, it can be seen to become a part of a turbulent cone of flow, Al-
though it cannot be discerned from these photographs, this cone will be
shown in later experiments to be a vortex,

In a machine where the pressure side of the blade leads in the
rotation (a pump or compressor) the viscous drag of the case wall moving
relative to the blade tip also causes a flow relative to the blade tip from
the pressure to the suction side, Therefore, this flow adds to the 'pres-
sure drop'" leakage flow, In a turbine, where the suction side leads in
the rotation, the leakage flow opposes the shear flow. The investigation
presented herein will be restricted to pumps and compressors,

In compressors and pumpe there are therefore two contributions
to the tip flows: (1) the flow due to the pressure drop across the blade
which may be primarily a perfect fluid phenomenon, and (2) the shear flow

due to rotation which is a real fluid phenomenon.

D, Two Dimensional Patentinl Flow in a Clearance Space

If the viscous effects are neglected, a model of the tip clearance
flows can be developed (o show some of the primary characteristics of the

flow. The next few sections are devoted to showing that ¢.. periect fluid
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effects do in fact dominate the real fluid effects in determining the clear-
ance flow,

In general at stations along the chord of a blade, the pressure
gradient across the blade is large compared to along the blade. Therefore
as the flow is transported through the clearance, the velocity along the
blade should be negligibly accelerated compared to the acceleration of the
velocity normal to the blade. This is essentially the approximation made
if sections normal to the chord are chcaen tc study the clearance velocity.
For this two dimensional potential flow discussion the flow normal to the
blade will be idealized as the free stream line flow into a slot. Figure 17
shows a comparison of the idealized geometry of the stream line separating
from the inlet edge of the slot with the more plausible conditions of separ-
ation and reattachment at the inlet edge and the flow filling the clearance
at the outlet, If the Bernoulli equation is applied to the condition far up-

stream and downstream in the tip flow, i
W, - {Z(Pf: )]2‘ .

%’L = (A Cp)% 6)
00
which is the same answer obtained in lil-B,

or

The validity of the perfect fluid model can be investigated by
comparing measured pressure distribution near the tip with computed
results, With the perfect fluid model the change in the pressure distri-
bution on the pressure side of the )lade is everywhere proportionel to the
square of the tip clearance velocity, However on ihe suction side of the

blade, the jet of flow from the clearance should not materially affcct the
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pressure distribution because the stream lines are not appreciably curved.

By using the hodograph method (14) of solving free stream line problerns,

the flow into a slot can be worked out readily to give

X=x+ly = M!n&% 2;:/‘ i (7)

where 6 , the contraction ratio, equals ﬁ% and T is the complex

velocity. This implicit relation for the velocities can be used with the
Bernonlli equation to compute the pressures on the X and % axis, The
results of these calculations are shuwn in Figure 21<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>